Optical carried microwave radar (OCMR) has better resistance to turbulence and scattering than conventional laser radar for using intensity modulated laser beam as detection medium. Intensity modulated mid-infrared source is the key to mid-infrared OCMR system. A frequency chirped intensity modulated mid-infrared light source with tunable wavelength is presented. Single frequency output from a non-planar ring oscillator (NPRO) was modulated via a Mach-Zehnder electro-optic modulator (EOM). The modulation frequency was tuned from 10 MHz-2.1 GHz. The modulated light was amplified via a two-stage ytterbium-doped fiber amplifier (YDFA). The amplified 1064 nm laser was used to pump a signal light resonance optical parametric oscillator (OPO). The nonlinear crystal was a 50 mm long magnesium oxide doped periodically-poled lithium niobite (MgO:PPLN) crystal. Single frequency oscillation was realized by adding a 0.2 mm-thick Fabry-Perot (F-P) etalon in the resonator. When the pump power was 15.2 W, the idler output power at mid-infrared was 2.16 W. The maximum pump-idler conversion efficiency was 16.5%. The wavelength of the idler light was tuned from 3.1 μm to 3.8 μm by changing the temperature of the MgO:PPLN crystal. The frequency chirping linearity with respect to time was 0.9937 on average with modulation frequency tuned from 10-350 MHz. The frequency instability was less than 1.5 Hz in 200 seconds at a modulation frequency of 300 MHz.
Introduction
μm is one of the transmission windows of atmosphere since light in this spectrum experience low absorption by water molecule. Therefore, 3-5 μm laser souses have wide applications, such as infrared lase radar, infrared remote sensing, infrared laser missile guidance [1] - [3] . There are many ways to obtain mid-infrared, including quantum cascade semiconductor lasers [4] , hydrogen fluoride chemical lasers [5] , CO 2 gas lasers [6] , and OPO [7] . OPO is one of the most practical methods to obtain mid-infrared laser [8] , [9] . It has the advantages of wide wavelength tunability, high output power and good beam quality [10] , [11] . OCMR used intensity modulated laser beam as detection medium. The distance and velocity of the detected objects can be obtained from the phase of the returned modulated light. OCMR has high spatial resolution, at the same time, the modulated beam has stronger resistance to atmospheric turbulence and scattering than conventional laser radar [12] - [15] . OCMR have been well developed from visible spectra to near infrared spectra due to the mature intensity modulated light sources and photo detectors [16] - [19] . A 442 nm modulated semiconductor laser has been applied to a wideband hybrid lidar-radar modulation scheme, to achieve ranging performance out to 14.7 attenuation lengths in laboratory experiments [20] . G. Pillet used a 1.5 μm dual-frequency laser which provided a modulated beam with a modulation frequency tunable over 1 GHz. A stepped-frequency waveform was obtained and 30 cm range resolution was demonstrated. Field experiments have been conducted on mobile targets, which proved the velocity resolution of 1.7 m/s [21] . The development of broadband mid-infrared detectors has made mid-infrared laser radar more attractive. Naturally, broadband intensity modulated mid-infrared light source is the key to mid-infrared OCMR system. Nevertheless, it is difficult to modulate mid-infrared laser directly. We have obtained RF intensity modulated mid-infrared based on dual-frequency OPO [22] . However, the modulation frequency of the idler light only could be tuned from 140 to 160 MHz. As the pump power increases, higher resonances were seen in the modulation spectrum which can cause power decrease of the lidar carrier and extra interferences and noise. A passive method like saturable absorber could also be used to realize intensity modulation in mid-infrared [23] . Nevertheless, it was difficult to achieve accurate high-bandwidth chirped intensity modulation with a saturable absorber.
The bandwidth of an electro optical modulator (EOM) can reach tens of GHz [24] , [25] . Lithium niobite is a mature and reliable crystal for optical modulator manufacturing. It has been used at any wavelength from near infrared (780 nm) to telecom wavelengths (1310 nm and 1550 nm) up to mid-infrared (2000 nm). In reference [26] , the optical damage threshold occurred at a peak intensity of 300 MW/cm 2 . However, the thickness of the crystal was quite thin in the waveguide EOM, the input power of Lithium niobite EOM was usually less than 100 mW. In this paper, we present a board band frequency chirping intensity modulated mid-infrared laser source. A NPRO single frequency laser was modulated via a Mach Zehnder EOM. The modulated laser was amplified to 20 W with an YDFA. The amplified 1064 nm laser was used to pump an optical parametric oscillator with MgO:PPLN crystal. Single frequency idler light was realized by adding a 0.2 mm-thick F-P etalon in the resonator. The modulation frequency of pump light was tuned from 0.01-2.1 GHz. By varying the modulation frequency of the pump, the modulation frequency of the signal and idler were tuned respectively. When the pump power was 15.2 W, 2.16 W idler light was obtained. The maximum conversion efficiency from pump to idler was 16.5%. The wavelength of the idler could be tuned from 3.1 μm to 3.8 μm by changing the temperature and poling period of MgO:PPLN crystal.
Theories of OPO
Optical parametric oscillation is a second-order nonlinear process involving the interaction of three optical fields, such that
Where, λ p , λ s , λ i are the wavelengths of pump light, signal light, and idler light, respectively. n p (T ), n s (T ), n i (T ) are the refractive indexes of the pump light, signal light, and idler light in the crystal when the temperature is T. is the poling period of the crystal cycle. The relationship of e light between the refractive index and temperature, wavelength in 5% MgOdoped lithium niobite is: 
where, λ is the wavelength in vacuum, T is the temperature of the crystal. When the poling period of the crystal are 29, 29.5, 30, 30.5, 31, 31.5 μm and the temperature rises from 25 to 115°C, the wavelength of idler light and signal light are shown in Fig. 1 (a) and Fig. 1(b) .
As shown in Fig. 1(a) and Fig. 1(b) , the wavelength of idler light decreases and the wavelength of signal light increases with the increasing of the temperature. A larger poling period results in a shorter idler wavelength and bigger tuning range. Figure 2 shows the experimental setup. The output laser of a NPRO was modulated via an EOM (CONQUER, KG-AM-1064-10G). The maximum input power of the EOM was 50 mW and the insertion loss was 3.7 dB. A frequency chirping signal generated by a signal source (SIGLENT, SSG3021X, 9 kHz-2.1 GHz) was loaded into the EOM driver. The modulation frequency was tuned from 0.01-2.1 GHz and the amplitude was 1.2 V. A precisely controlled bias was used to ensure the Mach-Zehnder modulator to operate stably in various operating environments. A two-stage optical fiber power amplification system was used to amplify the chirped intensity modulated laser output from the EOM. The pump light became linearly polarized after passing through polarization beam The OPO ring cavity was composed of two plane mirrors and two concave mirrors. The length of the OPO resonator was 720 mm. In order to have a stable single frequency oscillation, we need to make the cavity length as short as possible, but at the same time we also need to consider the mode volume and mode match of the pump and signal. After adjusting the length, we found 720 mm length of the cavity gave us the best result considering the output power of the IR idler light. When the cavity length is 720 mm, the distance between the cavity mirrors is suitable to place the PPLN crystal and the etalon, and the cavity is in the stable zone. A MgO:PPLN crystal was placed in the middle of two concave mirrors and a 0.2 mm-thick F-P etalon was placed in the middle of two plane mirrors. The pump light was focused in the middle of MgO:PPLN crystal by the lens, and the beam waist radius was 90 μm. The four cavity mirrors were coated with high-reflection coating at signal wavelength and anti-reflection coating at both pump and idler wavelengths. There was no mode competition between signal light and idle frequency light because only signal light was oscillated in the OPO resonator, so the output power was stable. In the ring cavity, the pump only passed the crystal once to avoid the generated signal light and idler light converted into pump light. The size of the MgO:PPLN crystal (HC Photonics Corp.) was 50 × 8.7 × 1 mm 3 . It had four different poling periods (29.5, 30, 30.5, 31 μm). The crystal was put into an oven with a precise temperature controller. The accuracy of the temperature control was 0.1°C. The lens M was germanium, which filtered the pump light and other stray light out of the mid infrared idler light.
Experimental Setup

Experimental Results and Discussions
Wavelength Tunability
When the crystal poling period was 31 μm and the pump power was 6 W, we measured the wavelength of the idler with an optical spectrometer (Zolix omni-λ300i, 2500-8000 nm). As shown in Fig. 3(a) , the wavelengths of the idler were tuned by changing the temperature of the nonlinear crystal. The wavelength of idler light decreased with the increase of crystal temperature. The wide linewidth of the curve was due to the low-resolution bandwidth of the spectrometer. The intensity in Fig. 3(a) shown some fluctuation since the input power to the spectrometer was not the same and the responses of the detector of the spectrometer to different input wavelengths were also different. Figure 3(b) shown the dependence of wavelength to temperature of the crystal at different poling periods. The larger poling period of the crystal corresponded to shorter idler light wavelength. Wavelength tuning from 3.1-3.8 μm was realized. 
Output Power
We measured the output power of the idler at different poling periods with respect to the temperature of the crystal. The modulation frequency of the pump was fixed at 500 MHz. Figure  4 shows the results. The maximum output power was obtained with poling period of 30.5 μm. The output power of idler was little affected by temperature when the poling period were 30 μm and 30.5 μm. In case of the poling period was 29.5 μm, at lower temperature, the wavelength approaches to the absorption band of lithium niobite, which caused a dramatic output power dropping. When the poling period was 31 μm, with increase of the temperature, the wavelength of the idler was approaching to the absorption band of water vapor so the output power also dropped.
We test the efficiency of different poling periods when temperature of MgO:PPLN crystal was fixed at 30°C. The output power of the idler and conversion efficiencies are shown in Fig. 5(a) . When the poling period was 30.5 μm, pump power was 15.2 W, we obtained 2.16 W of the idler. When pump power was 7.7 W, we obtain the highest conversion efficiency of 16.5% from the pump to the idler. Figure 5(b) shows the peak-to-peak power fluctuation which was lower than 1.52% over 5 minutes. The fluctuations might be due to thermal effects of the crystal. 
Power Spectra of the Modulation of the Idler
A fast HgCdTe detector and a spectrum analyzer (Siglent, SSA1015X, 9 kHz-1.5 GHz) were used to measure the power spectra of the idler light. We fixed the modulation frequency at 0.3, 0.6, 0.9, 1.2 GHz, and the pump power at 6 W. Figure 6(a) shows the spectra of modulation of the idler light at different modulation frequency of the pump. The modulation frequency of idler light was always the same as that of the pump light. An oscilloscope (Tektronix, TDS5104B, 1 GHz) was used to record the modulation waveform of idler light. As shown in Fig. 6(b) when the modulation frequency was 0.9 GHz.
However, when the pump power was higher than 10 W, a jumping modulation frequency appeared at 390 MHz, 780 MHz, 1.17 GHz in the power spectrum of the idler light. The jumping spectrum was independent of the modulation frequency of the pump. Figure 7(a) shows the spectra of modulation of the idler light when the pump power was 12.2 W and the modulation frequency was 1.2 GHz. The optical length of the resonator was about 770 mm corresponding to a FSR of 390 MHz, so the jumping spectra of the idler indicated that multi longitudinal modes oscillated in the cavity when the pump power was higher than 10 W. The modulation was cause by the interference between different longitudinal modes. In order to realize single longitudinal mode laser, we put a 0.2 mm-thick F-P etalon into the resonator. Afterwards, we measured the power spectrum of the modulated idler shown in Fig. 7(b) , there was no beat frequency of the longitudinal modes in the spectrum of idler light at the same pump power level, which indicated that the idler light was a single frequency oscillation.
The stabilities of the modulation frequency of both the pump and idler were measured with a frequency counter (KEYSIGHT: 53220A) at 300 MHz. As shown in Fig. 8 , the stabilities of the pump and idler were 0.3 Hz and 1.5 Hz in 200 secends, respectively. As the signal generator was quite stable in short time, the fluctuation of the modulation frequency was very small. The stability of the idler was not as good as the pump but in the same order. The slightly degradation might be caused by the mechanical and thermal noise from the OPO.
The frequency sweeping linearities of the modulation were measured. As the bandwidth of the frequency counter was only 350 MHz, the LFM signal generated by the signal source was set to change linearly from 10 MHz to 350 MHz with a frequency step of 100 kHz. The dwell time of each point was 10 ms. Figure 9 (a), Fig. 9(b) are the time-dependent curves of modulation frequency of pump and idler, respectively. The frequency sweeping of modulation of each period was linearly fitted. The average linearities of the frequency sweeping with time in six measuring periods were 0.9966 and 0.9937, respectively.
The linearities of the frequency sweeping of the idler was not as good as the pump which might be caused by thermal noise from the OPO. During the experiment, it was found that when the signal-to-noise ratio was low, the modulation frequency measured by the frequency counter had big fluctuations. In the process of optical parametric oscillation, due to the effected of crystal thermal noise and cavity length fluctuations, the signal-to-noise ratio of the modulated idler and the modulation depth were reduced, resulting in fluctuations in the linearity of the frequency sweeping of the idler degraded.
Conclusion
A high-power broadband frequency chirped intensity modulated mid-infrared light had been obtained based on optical parametric oscillator. Single frequency idler light was realized by adding a 0.2 mm-thick F-P etalon in the resonator. A MgO:PPLN crystal with four poling periods was used as nonlinear medium. When the pump power was 15.2 W, the idler output power was 2.16 W. The maximum pump-idler conversion efficiency was 16.5%. The wavelength of the idler light was tuned from 3.1 μm to 3.8 μm. The modulation frequency can be swept from 10 MHz to 2.1 GHz. The modulation frequency stability of the mid-infrared light was measured to be 1.5 Hz in 200 seconds at a modulation frequency of 300 MHz. This stable intensity modulated mid-infrared light source has potential applications in mid-infrared OCMR system.
